In 25 cases at open heart surgery, atrial and ventricular close bipolar electrograms,
an atrial unipolar electrogram, and a lead-IL electrocardiogram were simultaneously monitored throughout each procedure. In six cases the ventricles or atria, or both, were paced by electrical stimulation. Although atrial activity could frequently not be clearly delineated on the lead II electrocardiogram, the time relationship between atrial and ventricular depolarization could at all times be determined from the electrograms.
During ventricular premature beats and ventricular rhythms, retrograde A-V conduction and retrograde activation of the atria were common, and unidirectional retrograde A-V block was infrequent. In spontaneous and induced cardiac arrhythmias the fastest pacemaker of the heart, atrial, His bundle, or ventricular, usually activated the entire heart.
ADDITIONAL INDEXING WORDS:
Electrograms, atrial and ventricular Ventricular rhythms Atrioventricular conduction THAT the fastest pacemaker of the heart will activate the entire heart is an axiom in cardiac physiology. Yet, in the literature, there is a controversy as to the incidence of ventriculo-atrial conduction during ventricular rhythms in man.'-" Most observations on cardiac arrhythmias have been made from the standard lead electrocardiogram. During arrhythmias, it is often difficult or impossible to delineate the relationship between atrial and ventricular depolarization from standard lead electrocardiographic tracings. In order to depict clearly atrial and ventricular depolarization during spontaneous and induced arrhythmias, electrograms from the atria and ventricles of the human heart This work was supported by Grant HE-10583-02 from the U. S. Public Health Service. 22 Cardiac arrhythmias were simultaneously recorded. The purpose of this report is to demonstrate the incidence of retrograde activation of the heart and to reaffirm the concept, that, in man, the fastest pacemaker of the heart will usually activate the entire heart.
Methods
Simultaneous close bipolar atrial and ventricular electrograms, an atrial unipolar electrogram, and a lead IL electrocardiogram were monitored during open heart surgery in 25 cases. All patients were in sinus rhythm. The method used in this study for recording epicardial electrograms has been previously described in detail. [12] [13] [14] [15] [16] [17] Acrylic plaque electrodes containing five silver contacts 2 to 5 mm apart were sutured to the epicardial surface of the right atrium near the sinus node, to the free wall of the left atrium, and to the epicardial surface of the right ventricle. In four cases with an interatrial septal defect, the right atrial electrode plaque was positioned just above the A-V (atrioventricular) groove, and the left atrial electrode plaque was positioned superiorly in the area bounded by the right pulmonary artery superiorly, the ascending aorta medially, and the superior vena Circulation, Volume XXXV, January 1967 cava laterally. The leads from the epicardial electrodes were connected to a distribution box, so that recordings could be obtained from any combination of electrodes. In six cases the epicardial electrodes were connected to an external pacemaker and the heart was paced from the ventricles or atria, or both.
The P-R and R-P intervals were measured from the earliest atrial and ventricular deflection recorded either in the electrograms or the electrocardiogram. All records were taken on an Electronics for Medicine oscilloscopic photographic recorder; the epicardial electrograms were obtained with the filters set at a frequency range of 40 to 200 cps. Records were taken at paper speeds of 50 and 200 mm/sec. Results
Atrial activity frequently could not be clearly delineated from the lead II electrocardiogram, while the time relationship of atrial to 
Figure 1
Retrograde A-V conduction of ventricular beats. Simultaneous atrial and ventricular close bipolar electrograms (A and V), a close bipolar ventricular electrogram recorded with a roving electrode (R), and a lead 2 electrocardiogram. (Strip 1) The first three beats are sinus beats with a normal P-R interval. The fourth beat is a premature ventricular beat with retrograde A-V conduction to the atria. (Strip 2) The first beat is a sinus beat with normal A-V conduction. The next three beats are ventricular in origin. The first ventricular beat is not conducted to the atria, while the next two beats show ventriculo-atrial activation. The third ventricular beat is followed by a ventricular standstill of 1.16 sec and a sinus beat. The R-P interval is longer than the P-R interval. The shortening of the P-P interval and the change in contour of the close bipolar atrial electrogram demonstrates the presence of ventriculo-atrial activation. During the ventricular beats the retrograde atrial activation cannot be seen on the lead 2 electrocardiogram. The 
Figure 2
Retrograde A-V conduction and A-V dissociation. Simultaneous right atrial (RA), left atrial (LA), and right ventricular close bipolar electrograms (RV), right atrial unipolar electrogram (RAU), and a lead 2 electrocardiogram (L2). (Strip 1) Normal sinus rhythm with a prolonged P-R interval. The right atrial electrogram precedes the left atrial electrogram. (Strip 2) Ventricular rhythm with ventriculo-atrial activation. The first four, the sixth through eighth, and tenth ventricular beats are conducted to the atria. After the fourth and eighth beats, there is a pause in the ventricular rhythm, the atria escape, and the fifth and ninth beats show A-V dissociation. During retrograde activation of the atria the configuration of the atrial electrograms and the time interval between the right and left atrial electrograms are altered. Antegrade and retrograde atrial activation cannot be clearly distinguished from the lead 2 electrocardiogram. (Strip 3) A-V dissociation. The time interval between atrial and ventricular depolarization is constantly changing. The interval between the right and left atrial electrograms is the same as in strip 1 and the antegrade atrial beats in striip 2. The atrial electrograms are of identical configuration to those of the antegrade atrial beats in strip 2. Atrial activity can be seen only in the first complex of the lead 2 electrocardiogram. P-P, P-R, R-P, and R-R intervals are measured in seconds. Paper speed, 50 mm/sec. 
Figure 4
Antegrade and retrograde A-V conduction. (Strip 1) Sinus arrhythmia. The fourth beat is a premature atrial beat with a prolonged P-R interval. (Strip 2) Idioventricular rhythm with a rate of 41 beats per minute and 1:1 ventriculo-atrial conduction. The R-P interval during the idioventricular rhythm is shorter than the P-R interval during sinus rhythm. The retrograde P waves on the lead 2 electrocardiogram cannot be clearly separated from the QRS complexes. (Strip 3) A ventricular rhythm with 1:1 ventriculo-atrial activation followed by a slowing of the ventricular rhythm and a return to an atrial rhythm with normal antegrade A-V conduction. The second beat after the return of antegrade atrial activation is a ventricular escape beat with A-V dissociation. The R-P interval is greater than the P-R interval. Paper speed, 50 mm/ sec. dissociation (fig. 2 ). During A-V dissociation when there was a slight disparity between the atrial and ventricular rates and an atrial or ventricular impulse arrived at the A-V junctional tissue while it was in a nonrefractory state, there was antegrade or retrograde conduction ( fig. 3 ). In figure 5 , the first atrial beat which captured the ventricles, following atrial standstill and His bundle rhythm or ventricular rhythm, has a prolonged P-R interval.
A common phenomenon when the idioventricular rate was greater than the spontaneous atrial rate was 1:1 ventriculo-atrial conduction ( . 4 ). During unidirectional retrograde A-V block, though the idioventricular rate was greater than the atrial rate, the ventricles did not capture the atria;
Circulation, Volume XXXV, January 1967 however, when the atrial rate was greater than the idioventricular rate, there was normal antegrade A-V conduction and the supraventricular pacemaker activated the entire heart (figs. 3, 5, and 7). Figure 6 Activation of the entire heart by the fastest pacemaker. (Strip 1) Sinus tachycardia and left atrial pacing. The atria are paced at a faster rate than the sinus rate. The arrow points to the first beat captured by the pacemaker. Five beats later there is an escape sinus beat. The P-R interval is increased by the atrial pacing. (Strip 2) Ventricular pacing durinig sinus tachycardia. The ventricles are captured by the first pacemaker impulse. During the first five paced beats there is A-V dissociation. After the fifth paced ventricular beat, there is 1:1 ventriculo-atrial activation. The configuration of the atrial electrograms is altered during retrograde activation, but the interval between the left and right atrial close bipolar electrograms is about the same.
The R-P interval is longer than the P-R interval. (Strip 3) Atrial pacing during a His bundle rhythm. The R-P interval of His bundle rhythm is 0.06 sec. The first pacemaker impulse captures the atria. This beat is followed by a premature beat (small arrow) which is conducted to the ventricles; the next four atrial paced beats suppress the His bundle pacemaker and are conducted to the ventricles. The interval between pacemaker impulses was increased from 0.72 to 0.92 sec between the last two beats; the pacemaker still captured the atria but the His bundle pacemaker escaped. The left atrial electrogram precedes the right atrial electrogram during sinus rhythm because the right atrial electrode plaque is positioned just above the A-V groove, and the left atrial electrode plaque is high in the left atrium. P. 1. = pacemaker impulse. The P-R and R-P intervals were measured from the pacemaker impulse to the first atrial or ventricular deflection recorded. Paper speed, 50 mm/sec. 
Figure 7
Unidirectional retrograde block during ventricular pacing. The ventricles are captured by the second pacemaker impulse. Although the ventricular rate is significantly increased above that of the atria by ventricular pacing, there is no change in the atrial rate, time interval between the right and left atrial electrograms, or configuration of the atrial electrograms. Prior to ventricular pacing a sinus rhythm with a prolonged P-R interval was present. Paper speed, 50 mm/sec. of a His bundle rhythm or high ventricular rhythm with unidirectional retrograde block and standstill of the atria. In this study there were three instances of complete unidirectional retrograde A-V block, and one instance of incomplete unidirectional A-V block ( fig. 3 , table 1 ). In five or six patients, pacing the ventricles at a faster rate than the spontaneous atrial rate resulted in 1:1 ventriculo-atrial conduction ( fig. 6 ). In one case there was complete unidirectional retrograde A-V block ( fig. 7) . In figure 6 , strip 2, the ventricles were paced at a faster rate than the spontaneous atrial rate. Although the ventricles were immediately captured by the pacemaker, there was A-V dissociation for five beats before the ventricles captured the atria. Figure 6 , strip 3, shows atrial pacing during spontaneous His bundle rhythm. The pacemaker was set at a rate about equal to that of the His bundle rhythm. The pacemaker captured the atria and the second through fifth paced atrial beats captured the ventricles and suppressed the His bundle pacemaker. The P-P interval between the fifth and sixth paced beats was lengthened and the His bundle pacemaker escaped.
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Discussion
There is considerable variation in the reported incidence of retrograde A-V conduction and retrograde activation of the atria during ventricular rhythms in man.'-"1 Though ventriculo-atrial activation during ventricular rhythms in the experimental animal has been a commonly observed phenomenon,'125 most investigators believe that retrograde activation of the human heart is an uncommon occurrence. -8 Most observations on retrograde activation of the human heart have been made from standard lead electrocardiographic tracings of patients with varying degrees of A-V conduction disturbances." 6 Scherf and Cohen' reviewed from the literature 81 cases of ventriculo-atrial conduction and retrograde activation of the atria. All of the patients in the cases which they reviewed had varying degrees of A-V conduction disturbances. Retrograde conduction in patients who had fixed rate ventricular pacemakers because of complete heart block or Adams-Stokes seizures I" "-1-
-t
Iu I_-1. I I or both have been reported27' 28 and have been observed in this laboratory several times. During ventricular tachycardia it is often difficult or impossible to delineate atrial activity from the electrocardiogram. The QRS complex is often prolonged and the P wave is obscured because it falls into the latter part of the QRS, S-T segment, or T wave. Nevertheless, ventriculo-atrial activation in the presence of ventricular tachycardia has on occasion been documented by the electrocardiogram.29-31 Kistin and Landowne9 and Kistin'0 by the use of esophageal electrocardiography were able clearly to delineate atrial activity in the presence of ventricular premature beats and ventricular tachyeardia. In their studies, in 15 of 33 cases of ventricular premature beats there was ventriculo-atrial conduction, and in 14 of 21 cases of ventricular tachycardia there was retrograde conduction to the atria. These authors concluded that ventriculo-atrial conduction in ventricular tachycardia is a common phenomenon. The results of our study are in agreement with those of Kistin and Landowne. When a ventricular impulse arrives at the A-V node during the nonrefractory period, ventriculo-atrial conduction will usually occur. The normal His-Purkinje system and A-V node comprise a two-way conducting system. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Schamroth and Friedberg32 demonstrated that the first ventricular beat captured by the atria after A-V dissociation has a prolonged P-R interval. In this study, the first beat after A-V dissociation frequently had a prolonged P-R interval when the atria captured the ventricles, or a prolonged R-P interval when the ventricles captured the atria. The prolongation of the P-R or R-P interval in the first beat after A-V dissociation probably indicates that the previous ventricular or atrial beat had partially penetrated the A-V node and that retrograde or antegrade concealed conduction in the A-V node had taken place.
Unidirectional A-V block probably only occurs when there is a disturbance in the A-V transmission system. Unidirectional retrograde A-V block appears to be a more common phenomenon than unidirectional antegrade block. In our opinion, unidirectional A-V block is best explained by decremental conduction within the A-V node and the direction of block is determined by the point of maximal delay or decrement within the A-V node. If an action potential of normal amplitude arrives at the area of maximal decrement, it will be conducted, but if an action potential of diminished amplitude arrives at this area, it will partially penetrate the area and die out. Therefore, if the point of maximal delay or decrement is high in the A-V node, unidirectional retrograde block will result, and if the point of maximal delay or decrement is low in the A-V node, unidirectional antegrade block will result. This explanation of unidirectional A-V block would account for the greater frequency of unidirectional retrograde block as compared to unidirectional antegrade block, because in the normal node the major delay in A-V conduction is high in the node at the atrio-nodal junction.la, 16 In our study the fastest pacemaker of the heart usually activated the entire heart. Retrograde A-V conduction was the rule when a ventricular premature beat arrived at the A-V node during the nonrefractory period or when the idioventricular rate was faster than the atrial rate. When the atria and ventricles were activated independently of each other at about equal rates, A-V dissociation was present. In five of six cases when the ventricles were paced at a faster rate than the spontaneous atrial rate, the atria were captured by the ventricles and there was ventriculo-atrial conduction. Retrograde unidirectional block was relatively uncommon. In one patient when the atrial rate was increased by pacing above that of the spontaneous His bundle rate, the rhythm was converted from a His bundle to an atrial rhythm.
